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A B S T R A C T
Many cell stressors block protein translation, inducing formation of cytoplasmic aggregates. These aggregates,
named stress granules (SGs), are composed by translationally stalled ribonucleoproteins and their assembly
strongly contributes to cell survival. Composition and dynamics of SGs are thus important starting points for
identifying critical factors of the stress response. In the present study we link components of the H/ACA snoRNP
complexes, highly concentrated in the nucleoli and the Cajal bodies, to SG composition. H/ACA snoRNPs are
composed by a core of four highly conserved proteins -dyskerin, Nhp2, Nop10 and Gar1- and are involved in
several fundamental processes, including ribosome biogenesis, RNA pseudouridylation, stabilization of small
nucleolar RNAs and telomere maintenance. By taking advantage of cells overexpressing a dyskerin splice variant
undergoing a dynamic intracellular traﬃcking, we were able to show that H/ACA snoRNP components can
participate in SG formation, this way contributing to the stress response and perhaps transducing signals from
the nucleus to the cytoplasm. Collectively, our results show for the ﬁrst time that H/ACA snoRNP proteins can
have additional non-nuclear functions, either independently or interacting with each other, thus further
strengthening the close relationship linking nucleolus to SG composition.
1. Introduction
One of the mechanisms by which cells cope with various types of
stress is the formation of ribonucleoprotein cytoplasmic foci, named
stress granules (SGs), whose aggregation helps cells to acquire adap-
tation to stress conditions and promote survival [1]. Stressed cells limit
translation initiation, causing disassembly of polysomes and stalling of
initiation complexes which are then recruited in SGs [2,3]. Typical SG
markers are thus various translation initiation factors (eIF3, eIF4A
eIF4E and eIF4G), 40S ribosomal subunits and many RNA binding
proteins, most commonly TIA1 (T-cell internal antigen 1), G3BP1 (Ras-
GTPase-activating protein SH3-domain binding protein 1) and PABP
(PolyA-binding protein). Several recent reports indicated that SGs have
a shell-like structure, in which a stable “core”, composed by highly
concentrated nucleating factors, is surrounded by a less dense but
strictly interconnected “shell” whose composition is more dynamic
[4,5]. Liquid-liquid phase separation (LLPS) is thought to be the general
mechanism driving the formation of membrane-less foci, including SGs
[6,7] and several observations suggest that intrinsically disordered
regions (IDRs) on RNA-binding proteins have a relevant role in their
assembly, favoring LLPS [8,9]. Being SGs non-membranaceus bodies,
RNAs and proteins are free to shuttle in-out, in a dynamic equilibrium
with polysomal mRNAs and other cytoplasmic RNA granules, such as P-
and GW182-bodies. P-bodies, that are present also in non-stressed cells,
are linked to translation inhibition and RNA decay; they accumulate
decapping and deadenylation factors, and their number increases upon
stress [10]. Although often associated with P-bodies, GW182 bodies
[11–13] represent a distinct pool of granules involved in microRNA-
mediated translational silencing that are speciﬁcally identiﬁed by pre-
sence of the GW182 protein [14]. All these types of cytoplasmic RNA
granules are unstable and exhibit dynamic interactions, such as docking
or fusion, exchanging components and possibly evolve from one type to
another [13,15]. This complex traﬃcking, together with intrinsic fea-
tures of mRNAs (such as presence of ARE elements) and posttransla-
tional modiﬁcations of mRNA binding proteins, all concur in selecting
the fate of cytoplasmic mRNAs, addressing these molecules to either
silencing, storage, or decay [16,17]. The cytoplasmic RNP granules
share many similarities with nucleoli, whose organization is thought
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equally be regulated by LLPS. Nucleoli are known to play a key role in
coordinating stress response and, upon stress exposure, many nucleolar
proteins are recruited in SGs [18]. In this report, we identify nucleolar
dyskerin and other core components of the H/ACA small nucleolar ri-
bonucleoprotein (snoRNPs) as novel components of SGs, further re-
inforcing this connection. Dyskerin is a highly conserved multi-
functional protein that acts as RNA-guided pseudouridine synthase,
directing the enzymatic conversion of speciﬁc uridines to pseudour-
idines. It concentrates in the nucleoli and the Cajal bodies (CBs) where,
in association with three other highly conserved proteins -Nop10,
Nhp2, Gar1- composes a tetramer able to enter in the composition of
diﬀerent nuclear RNPs playing key biological functions [19]. Within the
nucleolus, the tetramer associates with H/ACA small nucleolar RNAs
(snoRNAs) to compose the H/ACA snoRNPs, that regulate rRNA pro-
cessing and pseudouridylate RNA targets by snoRNA-guided base
complementarity [20,21]. Within the CBs, it associates with CB speciﬁc
small RNAs (scaRNAs) to compose the scaRNPs, that direct pseudour-
idylation of spliceosomal snRNAs [22]. Finally, in association with the
human telomerase RNA (TERC), the tetramer enters in the formation of
the active telomerase complex that regulates telomere maintenance
[23]. In addition to these well-established functions, dyskerin has been
involved in a variety of disparate biological processes, including reg-
ulation of IRES-dependent translation [24] and antioxidant/DNA da-
mage response [25–28]. Several data from the Drosophila in vivo animal
model highlighted that dyskerin is deeply implicated in the regulation
of cell homeostasis [29–31]. In humans, the impact of dyskerin is fur-
ther outlined by the fact that its loss-of-function causes the X-linked
dyskeratosis congenita disease [32] and its severe variant Hoyeraal-
Hreidarsson syndrome [33], while its overexpression characterizes
several types of aggressive cancers [34–42].
Considering the signiﬁcant interest in deciphering the variety of
dyskerin functions, we analyzed in detail the expression dynamics of a
truncated dyskerin splice isoform, named isoform 3 (thereafter called
Iso3), that shows an unexpected cytoplasmic localization [43]. Re-
cently, this isoform attracted further interest for its recent involvement
in either lipid [44] and mitochondrial metabolism [45]. We show here
that this dyskerin variant can have a dual nucleo-cytoplasmic locali-
zation, compatible with a role in transducing signals connecting nu-
cleus and cytoplasm. Together with the full-length major dyskerin
isoform and the other H/ACA snoRNP core components, this protein
can be recruited to SGs, thus revealing that H/ACA snoRNP components
can have non-nucleolar functions that can contribute to cellular stress
response, this way promoting cell survival.
2. Materials and methods
2.1. Cell culture and treatments
HeLa cells used in this study were stably transfected with the
p3XFLAG-CMV-10 vector expressing the FLAG-tagged Isoform 3 (3XF-
Iso3) or with the p3XFLAG-CMV-10 vector without insert (control cells;
3XF-Mock) as previously described [43]. Cells were cultured in high
glucose DMEM (ECB7501L) supplemented with 10% fetal bovine serum
(ECS0120DI), Penicillin (100.0 U/mL)/Streptomicin (100.0 mg/mL)
(ECB3001D), L-Glutamine 200.0 mM (ECB3000D, all from EuroClone,
Milan, Italy), grown at 37 °C in a humidiﬁed atmosphere and selected
with G418 0.5mg/mL (G418-RO, F. Hoﬀmann–La Roche SA, Basel,
Switzerland). Before each treatment, cells were washed with PBS, re-
suspended in fresh DMEM containing the selected drug and incubated
at 37 °C in a humidiﬁed atmosphere with 5% CO2 for the selected time.
For sodium arsenite treatment (S7400, Sigma-Aldrich, St. Louis, USA)
cells were exposed for 1 h to 250 μM pH 6 NaAsO2; for cycloheximide
treatment, cells were incubated in 10 μg/mL cycloheximide (02194527,
MP Biomedicals, Santa Ana, USA) for 30min; for malonate treatment
(136,441, Sigma) cells were incubated 12 h in 100mM malonate; for
etoposide treatment (E1383, Sigma) cells were incubated 1 h in 50 μM
etoposide; for proteasome inhibition treatment cells were exposed for
1 h to 5.0 μM each of a mix of inhibitor I, Lactacystin, MG132 (539,164,
Set I – Calbiochem Darmstadt, Germany). Following each treatment,
cells were analyzed by Immunoﬂuorescence or Western Blotting as
described below.
2.2. Immunoﬂuorescence analysis
Cells were cultured overnight on coverslips, washed with PBS, ﬁxed
with 4% paraformaldehyde (158127, Sigma) for 10min, permeabilized
with 0.3% Triton X-100 (41,810, NorgenBiotek, Ontario, Canada) in
PBS for 15min and blocked with 3% BSA (1183GR100, neoFroxx,
Einhausen, Germany) in PBS for 30min at room temperature. After
washing, cells were incubated with primary antibodies for 2 h at room
temperature and then with secondary antibodies for 1 h at room tem-
perature. Immunoﬂuorescence micrographs were taken by Zeiss LSM
700 microscope (Zeiss, Oberkochen, Germany) using EC Plan-Neoﬂuar
40× or Plan-Apochromat 63×/1.40 Oil immersion objectives, or by
Leica TCS-SP5 MP (Leica, Solms, Germany) using HC PL IRAPO 40× or
63× water objectives. Images were analyzed by ImageJ (http://imagej.
nih.govt/ij/) or Zeiss Zen software tools. Antibodies used are listed in
Appendix A, Table S1.
2.3. Protein extraction and western blot analysis
Cells were washed with ice-cold PBS, collected and centrifuged at
1400 rpm for 5min. Pellets were resuspended in a lysis buﬀer con-
taining 50mM Tris pH 8.0 (1115KG001, neoFroxx), 150mM NaCl,
5 mM EDTA (1073, J.T.Baker, Radnor, USA), 1% NP40 (A1694,0250,
AppliChem Darmstadt, Germany), supplemented with Complete in-
hibitor cocktail (11,836,153,001, Roche), incubated in ice and me-
chanically mixed by vortexing. Supernatants were collected after cen-
trifugation at 14000 rpm for 15min at 4 °C. The protein concentration
was measured using the Bio-Rad protein assay (#5000006, Bio-Rad,
Hercules, USA) following manufacturer instructions. Cell lysates were
separated by SDS/PAGE in 10 or 15% gels using Sharpmass VI Plus
(EPS025500, EuroClone) as protein ladder. Separated proteins were
blotted onto nitrocellulose membrane (10,600,002, GE Healtcare,
Chicago, USA). Membranes were blocked with 10% fat free milk
(1172GR500, neoFroxx) in TBS for 1 h and incubated with the appro-
priate antibodies listed in Table S1. Bands were visualized by ECL
(#1705061, Bio-Rad) using the ChemiDoc XRS+ System (Bio-Rad),
quantiﬁed with Image Lab Software (Bio-Rad) and analyzed by Excel
software (Microsoft, Redmond, USA).
3. Results
3.1. Dyskerin Iso3 is partitioned between the nucleus and the cytoplasm and
is eﬃciently recruited at sites of nuclear H/ACA snoRNPs assembly
Canonical full-length dyskerin (Isoform1) carries three highly evo-
lutionarily conserved functional regions: the dyskerin-like domain
(DKLD), the TruB_N pseudouridine synthase catalytic domain and the
PUA-RNA binding domain; in addition, two Nuclear Localization
Signals (NLS), localized respectively at the N- and C– ends, restrict this
protein mainly inside the nucleus, where it concentrates in nucleoli and
CBs (see Fig. 1A top left). The truncated dyskerin isoform 3, that retains
all functional domains but lacks the C-terminal bipartite NLS, exhibits
instead a prevalent cytoplasmic localization [43]. To investigate in
more detail the Iso3 expression pattern, we performed by immuno-
ﬂuorescence confocal microscopy (IF) a large-scale analysis of pre-
viously obtained stably transfected cells overexpressing the Flag-tagged
protein (3XF-Iso3 cells) [43]. This approach revealed that expression of
the protein was characterized by highly variable levels, with a few of
cells accumulating the protein at a signiﬁcantly higher-than average
extent (High-Level-Producing HLPs) in respect to the majority (Low-
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level Producing, LLPs; see Fig. 1A, right; Appendix A, Fig. S1A). This
variability was constantly reproduced in independently isolated stable
clones and could not be eliminated by repeated clonal selection (Fig.
S1A). Fluctuating levels have been described also for canonical dyskerin
[46], and in some cases correlated with telomere length [47]. In our
analyses, we also noted that cytoplasmic aggregates could occasionally
be visualized in 3XF-Iso3 cells (Fig. 1A, bottom left); moreover, the
Flag-tagged protein showed a highly variegated localization, with same
cells expressing the protein only in the cytoplasm, some only in the
nuclei, and others in both compartments (Fig. 1A right), thus suggesting
the possibility that it could be dynamically subdivided between the
cytoplasm and the nucleus. Within the nucleus, the protein concentrates
into speciﬁc domains: to deﬁne them we co-immunostained cells with
antibodies against ﬁbrillarin and the endogenous full-length dyskerin
(isoform 1; marked with a widely used antibody recognizing the C-
terminal region, mostly deleted in Iso3 sequence [43]). Colocalization
of Flag signal with either ﬁbrillarin (Fig. 1B) and dyskerin (Fig. 1C)
indicated that Iso3 concentrates in nucleoli and CBs, the two intimately
linked subnuclear territories where these two proteins typically reside.
Hence, the missing C-terminal NLS proved to be unnecessary not only
for nuclear, but even for nucleolar dyskerin localization. It is worth
noting that Iso3 concentrates mainly in the internal nucleolar ﬁbrillar
center, where rRNA transcription and early steps of snoRNP assembly
occur, and in the dense ﬁbrillar component, where rRNA processing
takes place and nascent snoRNPs accumulate; in some cells this isoform
even displaces endogenous canonical dyskerin from inner nucleolus
regions, with this latter remaining concentrated in the dense ﬁbrillar
component and the CBs (Fig. 1C). This suggests that Iso3 can success-
fully compete with canonical dyskerin in the composition of snoRNPs,
being even preferentially recruited at early phases of rRNA production
and snoRNP assembly. To check whether it could eﬃciently be engaged
also in mature H/ACA snoRNPs, we looked at its colocalization with
Gar1, which is known to replace NAF1 at late H/ACA snoRNPs as-
sembly stages [48]. Gar1 lacks a canonical NLS and can diﬀuse both in
nucleoplasm and cytoplasm under either physiological or stress condi-
tions [28]; its speciﬁc localization pattern is presumed to be modulated
by protein-protein interaction and/or metabolic conditions. In our ex-
periments we conﬁrmed the Gar1 composite staining pattern and found
that this protein colocalized with Iso3 in both cytoplasm and nucleus.
Within the nucleus, Gar1 and Iso3 colocalized mainly at the CBs, where
the exchange between NAF1 and Gar1 is thought to occur [48], but also
at the nucleolar dense ﬁbrillar/granular component (Fig. 1D). Thus, IF
data collectively support the conclusion that Iso3 can participate in the
formation of both nascent and mature H/ACA snoRNPs. It is worth
noting that the recruitment of diﬀerent dyskerin isoforms might confer
diverse speciﬁcities to these modiﬁcation complexes and thus have
functional relevance, especially considering that speciﬁc pseudour-
idylation events, or a fraction of the modiﬁed residues, are speciﬁcally
regulated and can depend on stress, tissue, or growth basis [49–51].
3.2. Expression of dyskerin Iso3 is highly variable and tightly regulated by
proteasomal-dependent degradation
Since expression of the Flag-tagged Iso3 originates from a coding
construct controlled by CMV promoter and lacking both 5′ and 3’ UTRs
[43], we supposed that its variable level could mainly be decay-de-
pendent. To assess this point, we exposed 3XF-Iso3 cells for variable
times to cycloheximide (CHX), which inhibits protein biosynthesis by
preventing translational elongation, and then examined protein extracts
by western blotting analysis. CHX treatment caused an immediate drop
of Iso3 level to became markedly reduced after 4 h; in the same con-
ditions, canonical dyskerin was instead more stable (Fig. 2A; Appendix
A, Supplemental Fig. S2A). Since several sites of protein modiﬁcations,
such as SUMOylation and phosphorylation, lie in the dyskerin C-term-
inal region that is missing in the Iso3 truncated sequence [19,52], it is
plausible that their presence contributes to extend dyskerin half-life.
Alternatively, it is conceivable that a prompt aggregation with other
snoRNP components, or the formation of speciﬁc complexes, may better
protect full-length dyskerin from degradation. To gain more informa-
tion about the degradative pathways to which Iso3 could speciﬁcally be
addressed, we looked at two key proteolytic branches: the lysosomal-
autophagic route and the ubiquitin–proteasome system. First, we ana-
lyzed by confocal microscopy the expression of two key autophagy
regulators: Lamp2, that regulates the autophagosome-lysosome fusion
and marks the lysosome membrane, and LC3, that regulates autopha-
gosome biogenesis [53]. No signiﬁcant Iso3-Lamp2 colocalization, or
expansion of the lysosome compartment was observed even in 3XF-Iso3
highly overexpressing cells (HLPs), indicating that lysosome biogenesis
was not stimulated (Fig. 2B). However, Lamp2-Flag signals occasionally
overlapped in the nucleoli (Fig. 2B, inset). Although the biological
signiﬁcance of this ﬁnding remains to be established, a sporadic nuclear
localization of Lamp2 is in good agreement with the composition of its
physical interactome (available at https://thebiogrid.org), which in fact
includes several nuclear, and also nucleolar, proteins. In keeping with
the Lamp2 pattern, LC3-speciﬁc punctuate dots corresponding to au-
tophagosomes were not detected in 3XF-Iso3 cells where, as expected
for non-autophagic cells, LC3 signal marked the nucleus [54] and dif-
fused uniformly in the cytoplasm (Fig. 2C). To check whether the ef-
ﬁciency of autophagic process was fully preserved, we next treated 3XF-
Iso3 and control cells carrying the 3XFlag empty vector (hereafter
called 3XF-Mock) with sodium arsenite, which induces oxidative stress
and triggers both autophagy and SG aggregation [55]. Western blot
analyses showed that the LC3-phosphatidylethanolamine conjugated
form (LC3-II), known to be recruited to autophagosomal membranes,
was eﬃciently induced in both cell lines; moreover, p62, a substrate
widely used to mark the eﬃciency of the process [56], did not increase
respect to 3XF-Mock cells upon autophagy stimulation, attesting the
regularity of the autophagic ﬂux (Fig. 2D, left). Intriguingly, IF analyses
not only conﬁrmed that LC3 autophagic puncta were eﬃciently induced
in 3XF-Iso3 cells but revealed that upon arsenite treatment Iso3 protein
aggregates in cytoplasmic foci strictly resembling SGs (Fig. 2D, right).
This ﬁnding attracted our attention, pushing us to investigate more
deeply this aspect (see next paragraph). Having established that Iso3
overexpression per se did not induce autophagy, nor the protein was
addressed to lysosome-mediated degradation, we looked at the ubi-
quitin–proteasome system that is responsible for about 90% of extra-
lysosomial protein degradation and plays a key role in the degradation
of short-lived, misfolded or damaged proteins. Then, we prevented
proteasomal activity by a combination of proteasome inhibitor I, Lacta-
cystin, MG132 and found that Iso3 accumulation showed a marked in-
crease, while the level of endogenous canonical dyskerin raised more
modestly (Fig. 2E; Appendix A, Supplemental Fig. S2B). Collectively,
these results indicated that Iso3 expression is tightly regulated at the
post-transcriptional level by proteasome-mediated degradation. Con-
sidering the roles recently attributed to this isoform [44,45], it is
plausible that its levels could dynamically be adapted to cell metabolic
conditions.
3.3. Iso3 overexpression per se does not induce oxidative stress, unfolded
protein response, or DNA damage
Having observed that arsenite treatment triggers Iso3 aggregation
into cytoplasmic foci strictly resembling SGs (Fig. 2D, right), we wished
to check whether overexpression of this protein could per se act as
stressor, perhaps favoring oxidative stress, unfolded protein response
(UPR), or DNA damage. To assess this point, we ﬁrst checked by wes-
tern blotting the expression of several stress markers. The levels of heat-
shock chaperonins HSP90 and HSP60, whose up-regulation is induced
by oxidative stress, and that of chaperone GRP78/Bip, that binds to
nascent polypeptides and participates to the UPR [57], were all found
unvaried between 3XF-Iso3 and 3XF-Mock control cells; similarly, no
XBP1 spliced form was observed in both cell lines in physiological
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conditions (Fig. 3A; Appendix A, Supplemental Fig. S3A). In addition,
in 3XF-Iso3 cells the c-Jun N-terminal kinase (JNK) and the eIF2α
stress-responsive pathways were activated only upon arsenite treat-
ment, as in the 3XF-Mock control (Fig. 3B), conﬁrming that Iso3
overexpression per se does not act as stressor. Finally, to check whether
the increase in ROS level previously observed in 3XF-Iso3 cells [45]
could augment DNA damage, we followed by IF the levels of γH2AX
histone variant, whose nuclear foci mark the sites of unrepaired Double
Strand Breaks (DSBs). Although γH2AX levels showed high cell-to-cell
variability in both 3XF-Iso3 cells and control cells (Fig. 3C,D), no posi-
tive correlation was observed between the intensity of γH2AX nuclear
staining and the level of Iso3 expression (HLP versus LLP cells, used as
internal control; Fig. 3C), implying that high levels of Iso3 expression
did not induce genomic instability. The ﬁnding that γH2AX was prop-
erly induced in 3XF-Iso3 cells upon exposure to etoposide (Appendix A,
Supplemental Fig. S3B), that produces DSBs, indicated that the γH2AX-
drived DNA damage response was not impaired in these cells. Collec-
tively, these data indicated that Iso3 overexpression per se does not
induce cellular stress and conﬁrmed that 3XF-Iso3 cells cope
successfully with increased ROS production, having acquired an adap-
tive response [45].
3.4. Dyskerin Iso3 is dynamically recruited to cytoplasmic RNP granules
Within the cytoplasm, Iso3 shows a punctuate and diﬀuse pattern
(Fig. 1A; Fig. 4A); however, upon arsenite treatment, the protein con-
centrates into cytoplasmic granules of diﬀerent sizes, being larger in
HLP than in LLP cells (Fig. 4B). This pattern is very similar to that
observed in cells overexpressing the G3BP1 SG-nucleating factor, where
the protein induces SGs of diﬀerent sizes in a dose-dependent manner,
with higher concentration correlating with larger size of granules [58].
Considering that SG composition is variable, in order to check whether
Iso3-positive granules readily corresponded to SGs we stained 3XF-Iso3
cells with several SG markers before (Appendix A, Supplemental Fig.
S4) or after arsenite treatment (Fig. 4C–G). In stressed cells, positive
correlation was found with TIA1 (Fig. 4C), PABP (Fig. 4D,E), eIF3
(Fig. 4F) and YB1 (Fig. 4G), conﬁrming that Flag-stained aggregates
corresponded to bona ﬁde SGs. Strikingly, Flag signal also marked some
Fig. 1. Dyskerin Iso3 can enter the nucleus, concentrating in the nucleoli and the CBs. (A) Confocal microscopy pictures showing dyskerin Isoform 1 (top left, green)
and Isoform 3 (bottom left and right; red) variegated intracellular distribution. IF analysis was performed at least 3 times and extended to diﬀerent ﬁelds of the same
microscope slide. Within the nucleus, Iso3 (red) colocalizes with (B) ﬁbrillarin (green) and (C) dyskerin Isoform 1 (green); note that in some HPL cells Isoform 1 is
displaced from the internal nucleolar dense ﬁbrillar component. (D) Iso3 (red) colocalizes with Gar1 (green) in cytoplasm and in the nucleus, mainly at the CBs and
the nucleolar periphery. 3XF-Iso3 cells were used in all pictures. Nuclei were counterstained with DAPI (blue). Scale Bars: 10 μm.
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small granules that remained unstained by SG markers (see Fig. 4E,
arrows), suggesting that Iso3 aggregation can precede their coalescence
into larger foci. Note that, in our experimental conditions, ﬁbrillarin
and nucleophosmin (NPM1/B23), two abundant nucleolar proteins (see
Appendix A, Supplemental Fig. S5), were not detected into SGs after
arsenite treatment (Fig. 5A,B), further underlining the speciﬁcity of
Iso3 enrollment in these foci. SGs can be induced by various types of
stresses, with their composition varying in dependence of the speciﬁc
stressor [59]. Considering that dyskerin and Iso3 have both recently
been related to OXPHOS metabolism [45,60], we treated cells with
malonate, a mitochondrial respiratory chain inhibitor that also induces
SGs [61]. Although this compound is a weak SG-inducer [61], Iso3
recruitment was observed also after this treatment (Appendix A, Fig.
S6), indicating that diverse stressor types can trigger its aggregation.
Composition of SGs is dynamic, with many components shuttling from
these granules to P-bodies or GW182 bodies, and viceversa [12]. We
thus immunostained 3XF-Iso3 cells for the detection of DCP1, a known
marker of P-bodies, and of GW182. In absence of stress, we observed
only occasional overlap between Flag-stained foci and DCP1 or GW182
bodies (Fig. 6A,B); however, in both cases the colocalization increased
upon arsenite treatment (Fig. 6C,D). In this last condition, many Flag-
stained foci strictly ﬂank P- and GW182-bodies, consistent with the
notion that these foci can physically associate with SGs, often ex-
changing some components [12]. Hence, depending on stress condi-
tions, Iso3 can transiently and dynamically be recruited to diverse types
of cytoplasmic granules.
3.5. H/ACA snoRNP core components can be recruited in SGs
Next, we checked whether endogenous H/ACA snoRNP components
might also be recruited in SGs. Localization of canonical full-length
dyskerin isoform is generally considered to be restricted to the nucleus,
although sporadic reports hinted at additional cytoplasmic localizations
[62,63]. Intriguingly, recent Mass Spectrometric analyses (MS) in-
cluded dyskerin in the SG proteome [4,64], while independent reports
showed that this protein interacts with YB1 [65] and G3BP1 [66]. Thus,
we attempted to assess dyskerin participation in SGs by IF analyses.
Considering that the high concentration of dyskerin in the nucleus
could prevent its detection in the cytoplasm, and therefore its identi-
ﬁcation into SGs, we analyzed confocal images of arsenite-treated cells
under overexposure conditions. Under these settings, dyskerin was
found to aggregate in small cytoplasmic puncta (Fig. 7 B); in several
cells, these puncta were found to coalesce in larger cytoplasmic foci
(Fig. 7C) that were co-stained by the canonical PABP marker (Fig. 7D).
Hence, also the canonical dyskerin isoform can participate in cyto-
plasmic SGs. We then asked whether other core components of H/ACA
snoRNPs could similarly be enrolled in SG composition. Strikingly,
upon arsenite treatment, Gar1 colocalized with Iso3 not only in the
nucleus, but also at Iso3-positive cytoplasmic granules (Fig. 8A). The
highly eﬃcient Gar1participation in SGs ﬁts well with the protein
structural properties since, similarly to G3BP1, Gar1 contains glycine-
arginine-rich domains (GAR/RGG disordered motifs [67]) that are
known to favor SG assembly by inducing LLPS [64]. Nop10 was instead
found to participate poorly in SG formation (Fig. 8B), while Nhp2
formed small puncta and was eﬃciently engaged into large Iso3-posi-
tive granules only in a subset of cells that always corresponded to HLPs
(Fig. 8C), thus suggesting that high-level Iso3 expression could promote
Nhp2 enrollment in SGs. This scenario hinted at a close relationship
between these two proteins and in fact IF and western blotting analyses
both showed that Iso3 expression levels correlated with Nhp2 upregu-
lation (Fig. 8D,E).
In conclusion, these results collectively revealed that components of
Fig. 2. Variable expression and decay of dyskerin Iso3. (A) Western blot analysis showing the rapid decrease in Iso3 protein level following cycloheximide treatment.
The blot is representative of biological triplicates normalized with respect to α-actin (additional replicates are shown in Supplemental Fig. S2A). (B) Confocal
microscopy image showing Lamp-2 (green) and Iso3(red) localization; note their partial overlap in the nuclei of HPL cells. (C) Confocal image showing LC3 (green)
and Iso3 (red) expression in unstressed cells. (D) Western blot analysis comparing LC3 and p62 expression in 3XF-Iso3 arsenite-treated cells (left) and confocal
microscopy image of arsenite-treated cells (right); Iso3 (red), LC3 (green). Note that arsenite treatment triggers Iso3 aggregation in cytoplasmic foci. (E) Proteasome
inhibition assay showing a marked and rapid increase of Iso3 accumulation level, indicative of proteasomal-dependent degradation. The blot is representative of
biological triplicates normalized with respect to α-actin (additional replicates are shown in Supplemental Fig. S2B). IF analysis was performed at least 3 times and
extended to diﬀerent ﬁelds of the same microscope slide. 3XF-Iso3 cells were used in all pictures; nuclei were counterstained with DAPI (blue). Scale Bars: 10 μm.
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H/ACA snoRNPs can interact with each-other outside of the nucleus
and, through their participation into SGs, can actively contribute in the
stress response.
4. Discussion
To gain further insights on the biological functions of the Iso3
dyskerin variant, here we used immunoﬂuorescence microscopy as a
sensor of its biological activity. The ﬁnding that the expression level of
this protein is highly variable and tightly controlled by proteasome-
mediated degradation is well consistent with the notion that low-
abundance variant isoforms may have more specialized functions,
playing signiﬁcant roles in changing cell status or in modulating cel-
lular physiology. Considering that the dyskerin C-terminal tract is
particularly rich in phosphorylation sites, its deletion in the Iso3 variant
can furnish a signiﬁcant distinctive trait, perhaps allowing a diﬀerent
post-translational regulation during the cell cycle or in response to
growth conditions. Since recent reports connected Iso3 with either lipid
Fig. 3. Dyskerin Iso3 overexpression does not induce oxidative stress, unfolded protein response or DNA damage. (A) Western blot analysis comparing HSP90, HSP60
and GRP78 expression in 3XF-Mock and 3XF-Iso3 unstressed cells. Densitometric quantiﬁcation of data derived from biological triplicates, normalized with respect to
α-actin, is reported in Supplemental Fig. S3A. In absence of stress, the XBP1 spliced form is not induced in both cell lines. (B) Western blot analysis showing that p-
JNK and p-eIF2α stress-responsive pathways were induced in both 3XF-Mock and3XF-Iso3 cells only upon arsenite treatment. Confocal immunoﬂuorescence analyses
of 3XF-Iso3 (C) and 3XF-Mock cells (D). In (C), note the lack of positive correlation between the intensity of the γH2AX nuclear staining (green) and the level of Iso3
protein expression (red). The dotted squares enclose HPL cells. IF analysis was performed at least 3 times and extended to diﬀerent ﬁelds of the same microscope
slide. Nuclei were counterstained with DAPI (blue). Scale Bars: 10 μm.
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[44] and redox metabolism [45], the possibility that metabolic condi-
tions could be involved in its regulation appears favorable. The dual
nucleo-cytoplasmic localization exhibited by this dyskerin isoform re-
presents a further distinctive feature and suggests a possible role in the
transduction of intra-cellular signals. Indeed, it is reasonable to suppose
that Iso3 might act as nuclear-export chaperone for ribosomal particles,
and/or possibly inﬂuence translation by contacting ribosomes or cyto-
plasmic mRNAs, as we previously suggested [43]. This view is in
Fig. 4. Dyskerin Iso3 is dynamically recruited to cytoplasmic stress granules. (A) Confocal image showing Iso3 (red) expression in 3XF-Iso3 untreated cells. (B) Upon
arsenite treatment, Iso3 is recruited in cytoplasmic granules. (C) In these granules, Iso3 (red) colocalizes with TIA1 (green). (D) Iso3-positive foci (red) are stained
also by PABP (green), although, as showed in (E), some of them remain unlabelled by this protein (see arrows). (F) Iso3 foci (red) are marked also by eIF3 (green)
and, as showed in (G), by YB1 (green). Intracellular distribution of each protein was checked in at least 3 experiments and the analysis extended to diﬀerent ﬁelds of
the same microscope slide. Nuclei were counterstained with DAPI (blue). Scale Bars: 10 μm.
Fig. 5. Speciﬁcity of dyskerin Iso3 enrollment in stress granules. (A) Confocal image of arsenite-treated 3XF-Iso3 cells. Note that Iso3 (red) is eﬃciently engaged in
SGs, while the nucleolar protein ﬁbrillarin (green) remains restricted to the nucleus. (B) Upon arsenite treatment, NPM1 (red) relocates at the nuclear periphery, but
it is not recruited in PABP-marked (green) SGs. Nuclei were counterstained with DAPI (blue). Scale Bars: 10 μm. Intracellular distribution of each protein was checked
in at least 3 experiments and the analysis extended to diﬀerent ﬁelds of the same microscope slide.
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keeping with a bulk of recent data indicating that composition, and
perhaps activity, of ribosomes may be diﬀerently adapted to diverse cell
types, or cell status, allowing “specialization” of these organelles
[68–70]. Since Iso3 keeps the dyskerin PUA-RNA binding domain, it
might also represent a good candidate for the nuclear export of H/ACA
snoRNAs. These molecules are in fact currently known to have
additional extra-nuclear localization, being detectable even in extra-
cellular ﬂuids [71,72]. Worth noting, snoRNAs are attracting growing
interest, being implicated in diverse biological and pathological pro-
cesses [73], including resistance to lipotoxic stress [74].
The other components of the H/ACA snoRNP tetramer -Nhp2,
Nop10 and Gar1-, although generally overlooked, also have a dual
Fig. 6. Promiscuous recruitment of dyskerin Iso3 in cytoplasmic RNP granules. (A) Confocal image of 3XF-Iso3 unstressed cells showing localization of Iso3 (red) and
DCP1 (green); in (B), cells were stained for Iso3 (red) and GW182 (green). In absence of stress, only occasional localization was observed in both cases. (C-D) Upon
arsenite treatment, Iso3 (red) colocalization with DCP1 (green) or GW182 (green) signiﬁcantly increased. Intracellular distribution of each protein was checked in at
least 3 experiments and the analysis extended to diﬀerent ﬁelds of the same microscope slide. Scale Bars: 10 μm.
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nucleo-cytoplasmic localization, supporting the possibility that they can
play additional extra-nuclear functions, either independently or inter-
acting each-other. Nucleoli and CBs, the nuclear bodies where snoRNPs
concentrate, are membrane-less organelles thought to have a liquid
droplet-like behavior [7], so their constituents can be in constant inﬂux
and out-ﬂux. Resident molecules can be relocated in response to
Fig. 7. Dyskerin Isoform 1 forms cytoplasmic puncta in response to stress. (A) Confocal immunoﬂuorescence picture showing localization of dyskerin isoform 1
(gray) in 3XF-Iso3 untreated cells under nucleolar optimal exposure setting; in the middle, the same ﬁeld where the dyskerin signal was acquired at overexposure
conditions; the dotted square is enlarged in the right inset.,(B) Arsenite-treated 3XF-Iso3 cells under nucleolar optimal exposure setting; in the middle the same ﬁeld
where the dyskerin signal was acquired at overexposure conditions revealed that the protein exhibits a cytoplasmic granular pattern. The dotted square is enlarged in
the right inset. (C) In HLP cells, dyskerin-positive puncta (gray) can coalesce in larger cytoplasmic granules in which (D) dyskerin (green) colocalizes with PABP
(red). Confocal analysis was performed at least 3 times and extended to diﬀerent ﬁelds of the same microscope slide. Nuclei were counterstained with DAPI (blue).
Scale Bars: 10 μm.
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environmental, metabolic or stress stimuli, and play diﬀerent functions
in dependence of their speciﬁc location in the cell. For example, within
the nucleus Iso3 concentrates in the nucleoli and the CBs, a pattern fully
coherent with its participation in H/ACA snoRNPs; nonetheless, its
capture in these nuclear bodies might have the additional role of down-
regulating its further cytoplasmic functions. To this regard, the Iso3
expression pattern turned out to be poorly informative, since outside
the nucleus the protein does not concentrate in any speciﬁc compart-
ment. However, the ﬁnding that it is recruited into SGs shed some light
on this issue, and further supports the conclusion that this isoform is
involved in the stress response, as suggested by its pro-survival eﬀect
[45]. Being SGs also critical redox regulators [75], it is possible that
Fig. 8. Core components of H/ACA snoRNPs can be enrolled in SGs. Confocal immunoﬂuorescence pictures of arsenite-treated 3XF-Iso3 cells stained in: (A) for Iso 3
(red) and Gar1 (green); (B) for Iso 3 (red) and Nop10 (green); (C) for Iso3 (red) and Nhp2 (green). Note that Gar1 is eﬃciently recruited in SGs in all cells, Nop10 is
barely recruited, while some Nhp2 is eﬃciently recruited in large granules only in HLP cells. (D) Immunoﬂuorescence analysis showing correlation between Iso3
expression level with Nhp2 upregulation. Note that in unstressed HLP cells, sporadic Iso3-Nhp2 cytoplasmic colocalization can be observed (see arrows). This
correlation was conﬁrmed by (E) western blot and quantitative relative densitometric analysis. In each picture, red dotted squares were enlarged in the right insets.
Intracellular distribution of each protein was checked in at least 3 experiments and the analysis extended to diﬀerent ﬁelds of the same microscope slide. Nuclei were
counterstained with DAPI (blue). Scale Bars: 10 μm.
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participation in their assembly might contribute to the ROS tolerance
displayed by 3XF-Iso3 cells [45]. Given the Iso3 recruitment in granules
unstained by SG markers and its promiscuous transit in P/GW182
bodies, we cannot exclude that this protein can also participate in the
“oxidized RNA bodies” identiﬁed in HeLa cells exposed to the same
stressor [76]. We also showed that SG components generally share
common properties, such as containing RNA-binding and IDR regions,
and often display a dynamic nucleolar localization [18]; in addition,
when overexpressed, they can form cytoplasmic aggregate in a dose-
dependent manner even in absence of stress [58]. As showed here, Iso3
displays all these features, including that of forming cytoplasmic foci in
unstressed cells. Remarkably, endogenous full-length dyskerin, al-
though generally considered be strictly localized in the nucleus, can
also participate in SG assembly. We would underline that the structure
of this protein, that contains a RNA-binding domain and IDRs, predicts
that it can promote promiscuous interactions with diﬀerent partners
[18,77]. In keeping with this view, at least 198 putative interactors are
currently annotated in the dyskerin interactome (available at https://
thebiogrid.org), supporting the view that it can participate to multiple,
perhaps transient, complexes. Indeed, while dyskerin nuclear localiza-
tion has well been established, its localization in other cellular com-
partments did not receive the same grade of investigation. We surmise
that the massive concentration of this protein in the nucleoli and the
CBs has so far hampered a direct visualization of its traﬃcking at low-
level in the cytoplasm. To this regard, overexpression of the Iso3-Flag-
tagged protein can be of invaluable help in facilitating the discovery of
new interactions, possibly unmasking new unforeseen roles.
We also reported that at least two other H/ACA snoRNP compo-
nents, Gar1 and Nhp2, can be eﬃciently relocated into SGs. Not sur-
prising, Gar1 carries typical GAR/RGG domains and is upregulated in
response to DNA-damaging agents [28], raising the possibility that it
can take a major role in SG assembly, perhaps promoting aggregation of
other snoRNP components through protein-protein interaction. Con-
sidering that several diseases can disturb SGs formation or persistence
[18,78] the fact that Gar1 dysregulation has been associated not only to
dyskeratosis congenita, but also with spinal muscular atrophy [79], is
fully consistent with this view. Conversely, the ﬁnding that Nop10 has
barely been recruited suggests that, at least in the cytoplasm, this
component might not coordinately interact with the others during the
stress response. Indeed, Nop10 expression correlates poorly with that of
other snoRNP proteins. For example, by examining several independent
human gene expression proﬁle datasets, Lin et al. [28] observed that
Nop10 expression showed no correlation with those of Gar1, Nhp2 and
dyskerin, that were instead all well interrelated. Similarly, Von Ste-
dingk et al. [41], based on gene expression proﬁling, identiﬁed a co-
ordinated snoRNP signature for poor prognosis of neuroblastoma pa-
tients that included Gar1, Nhp2 and dyskerin, but not Nop10. Thus, it is
possible that components of the H/ACA snoRNP tetramer can have
additional functions independently from each other, playing un-
canonical roles that certainly deserve further investigation. In addition,
it cannot be excluded that assembly of these snoRNP components may
follow a diﬀerent pathway, perhaps in the cytoplasm or in stress con-
ditions.
5. Conclusions
By analyzing in detail the dynamic intracellular expression proﬁle of
a dyskerin splice variant we observed that H/ACA snoRNPs compo-
nents, despite being strongly concentrated in the nucleoli and the CBs,
can be recruited in SGs. In this way, these proteins can participate in
stress response, possibly in concert with other SG components showing
a similarly dual nucleo-cytoplasmic localization. These ﬁndings re-
vealed for the ﬁrst time that H/ACA snoRNP components can have
additional non-nuclear functions, with their activities possibly de-
pending on the speciﬁc sub-cellular localization; furthermore, they
imply that H/ACA snoRNPs have a role not only in ribosome biogenesis
and rRNA modiﬁcation, but could also participate in the SG-mediated
translational control. These results highlight the deep involvement of
these complexes in the regulation of cell homeostasis and further ex-
pand the dynamic connection between nucleolar proteins and stress
response.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamcr.2019.118529.
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